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1. Description of Reactions t6 
1. 
Historical 
Cationic polymerizations are the least understood 
of all polymerization reactions. Perhaps even less understood 
are copolymerizations using cationic catalysts. Very little 
can be found in the literature concerning B-pinene and styrene 
copolymers. This work was done to shed some light on this 
interesting subject. 
Work done by Pietila, Sivola, and Sheffer (1) 
provided some evidence that copolymerization does occur between 
styrene and B-pinene. Using.m-xylene for a solvent, they 
failed to show by Gel Permeation Chromatography that they had 
copolymer formation, but solubility studies seem to indicate 
copolymer. 
Sivola and Harva (2) did further work copolymerizing 
styrene with various terpenes, including B-pinene and also 
with isobutylene. They used one to one mole ratio of monomer 
with aluminum chloride and boron triflouride catalysts and 
methylene chloride as Solvent. Only the isobutylene-terpene 
polymers were analyzed by Gel Chromatography. The styrene- 
terpene polymers were analyzed by fractionation by selective 
solvents; acetone for styrene and hexane for the terpenes. 
From this evidence they concluded that the products were a 
mixture of homopolymerso 
2. 
In another work, Huet and Marechal (3) studied 
polymerizations involving B-pinene. Methylene chloride was 
again used as the solvent with Lewis acid catalysts. When 
studying copolymerization with styrene they discovered that 
for a one to one styrene to B-pinene monomer ratio no copolymer 
wasformed. However, if they used five to one ratio, copolymerization 
became total. 
Description of Apparatus 
Two series of runs were made to study the copoly- 
merizations. Batches were run at 30°c and -78°c (dry ice 
and acetone temperature). Apparatus for the 30°c batches 
included a constant temperature bath, 500 ml. three-necked 
flask, mechanical stirrer and a condenser. The apparatus 
for the dry ice acetone runs was much the same except that no 
condenser was needed because of the low temperature and the 
dry ice acetone mixture was kept in an insulated container. 
For all copolymerizations methylene chloride was 
the solvent and aluminum chloride the catalyst. Monomers, 
solvent, and catalyst were used directly from the bottle8 
To study the copolymerization reaction the monomer 
to solvent molar ratio was kept constant at three to on~* 
However, the styrene to B-p1nene molar ratio was either one 
to one dr four to one. The catalyst concentration was also 
varied from 0.5 per cent to five per cent of monomer. 
For use in correlating the results, homopolymers of 
both styrene and B-pinene were also made under the same 
conditions as the copolymerization reactions. 
3. 
Experimental Results and Conclusions 
In all cases the three to one molar ratio of solvent 
monomer was used, the reaction mixture was allowed to 
equilibrate at the correct temperature and then the catalyst 
was added. 
In Buns 1 through?, the catalyst was added in· 
either four or eight portions at fifteen minute in~ervals. 
The addition of the catalyst produced an exotherm resulting 
in a rise in temperature as high as thirteen degrees. Since 
these runs were supposed to be kept at a constant temperature, 
steps had to be taken to improve the technique. In Runs 1 
to 3 the catalyst was added in four portions. To attempt 
to lessen the exotherm in Runs 4 to 7 the catalyst was 
divided into eight equal portions and added over a period of 
two hours. Unfortunately, the great exotherm still persisted, 
especially in the five per cent batches. 
To solve the problem of the exotherm, the catalyst 
was no longer added in equal portions or at set times. 
Instead, for all the rest of the 30° batches the catalyst was 
added in small portions, keeping the reaction temperature 
within one-half of a degree of the bath temperature. This 
procedure entailed adding the aluminum chloride over a period 
of from two to two and one-half hours. 
At dry ice acetone temperatures there is no danger 
of a large exotherm, therefore this slow addition of catalyst 
is not necessary. Instead, the aluminum chloride was added 
4. 
in larger portions, up to one-fifth at one time. 
In all reactions the color of the mixture served 
as an indication of the progress of the polymerization. As 
catalyst was added, the color ranged from colorless at the 
beginning to a deep red color at the end of the addition of 
catalyst. As catalyst was added the change went from clear 
to yellow, from yellow to yellow orange, and from orange to 
red. The final red color, which was deeper for the five 
per cent than the one per cent batches, remained for the 
entire reaction time. When the water and methanol were added 
to end the reaction, the mixture turned white. Reactions 
that did not become red by the end of the catalyst addition 
tended to have a lower yield than the others, and the very 
deep red color showing yields near one hundred per cent. 
All reactions were precipitated from methanol of a 
ten to fifteen fold volume, redisolved in methylene chloride 
and reprecipitated. The product was then dried in a vacuum 
oven at J0-4o0c and weighed. The samples were then ready for 
analysis. 
All the products of the reactions were analyzed in 
the same manner. First, they were fractionated using 
selective solvents as described by Sivola and Harva (2). 
Acetone was known to dissolve only the styrene homopolymer and 
hexane only the poly-B-pinene homopolymer. The portions that 
were insoluble in acetone were analyzed by NMR to determine 
styrene content. The number average molecular weight for the 
samples was then determined on a Hitachi vapor phase osmometer. 
5. 
Two portions of the product of the copolymerization 
were weighed into erylynmeyer flasks. To one acetone was 
added and to the other hex~he, The contents were stirred 
and allowed to stand. If the product was indeed only a 
mixture of homopolymers, approximately half should dissolve 
in each solvent. However, this was not the case. In Run 3, 
using five per cent aluminum chloride, the sample was totally 
insoluble in acetone and completely soluble in hexane. The 
acetone insoluble portion was analyzed by NMR for styrene 
content. The number of aromatic protons servingas a basis 
for the result. The NMR showed that in the acetone insoluble 
sample there was still twenty per cent styrene. The one 
hundred per cent insolubility of Run 3 in acetone must be 
due to copolymer rich in B-pinene 
This trend was to continue throughout all the 
batches using a one to one monomer ratio. In Run 4, at one 
per cent aluminum chloride, the fractionation showed that 
eighty-four per cent of the sample was acetone insoluble. 
Only one per cent was insoluble in hexane. The result tends 
to indicate that the sample contains a little of either 
polystyrene homopolymer or copolymer rich in styrene, since 
some sixteen per cent dissolved in acetone. The bulk of the 
I 
batch is similar to the previous batches. The mole per cent 
of styrene in the acetone portion was thirty-four per cent. 
Nineteen per cent of Run 4 dissolved in hot acetone. The NMR 
6. 
revealed that the styrene content of hot acetone insoluble 
portion was now nineteen per cent. This reduction of styrene 
content is due to increased solubility of the styrene copolymer. 
in hot acetone. 
Fractionation of five per cent catalyst batch 
(B,un ?A) was somewhat different. While the hexane insoluble 
portion remained small at only two per cent, the acetone 
insoluble portion decreased to sixty-four per cent. The 
reaction showed a good yield at over ninety per cent, but 
had forty-three mole per cent styrene in the acetone insoluble 
sample. The surprising observation is that this sample with 
forty-three per cent styrene is soluble in hexane. The 
insolubility in acetone must be due to the preponderance of 
B-pinene in the copolymer. The increased solubility in 
acetone must be due to a high portion of styrene in some of 
the copolymer. 
In Run 10, using a four to one styrene to B-pinene 
ratio, the solubilities showed an abrupt change. While the 
acetone insoluble portion remained at over sixty per cent, 
the hexane insoluble portion was also high at eighty-three 
per cent. The NMR analysis showed that styrene content in 
the acetone insoluble portion was 67 per cent. This is the 
first run that showed any major insolubility in hexane and 
the first run that styrene content in the copolymer is greater 
than fifty per cent. One must conclude then that a copolymer 
7. 
containing less than fifty per cent styrene is still soluble 
in hexane, but copolymer containing as much as sixty per cent 
is insoluble in both solvents. 
The change in reaction conditions from 30°c to dry 
ice acetone temperature brought an added surprise. Whereas 
0 at 30 C 0.5 per cent of aluminum chloride gave a yield of 66 
per cent and one per cent gave up to 83 per cent, a one 
per cent catalyst reaction gave no yield at -78° (Run 12). 
Another attempt was made at this temperature at one per cent 
aluminum chloride which produced no yield for a one to one 
monomer ratio (Run 14). However, in Run 15 with a four to 
one ratio, only one per cent aluminum chloride gave a ;wield 
of one hundred per cent. The five per cent catalyst batches 
all had yields of better than ninety per cent at -78°. 
Fractionation of the low temperature batches also 
gave some interesting results. At one to one monomer ratio 
the fractionation of Run 13 was nearly one hundred per cent 
insoluble in acetone, only two per cent soluble in hexane 
sample. Even though Run 13 (five per cent catalyst -78° 
molar ratio) and Run 4 (one per cent cata~yst 30°c, one to 
one molar ratio) have approximately the same styrene content 
in the acetone insoluble portion, the former batch had a 
larger acetone insoluble portion (100 % versu6 84%). This 
greater insolubility in acetone for a low temperature run is 
in line with its higher molecular weight. 
8. 
In Run 15, however, with a four to one styrene to B-pinene 
ratio, 98 per cent was insoluble in acetone~ 98 per cent 
insoluble in hexane. The product was equally, and almost 
totally insoluble in both solvents! When an NMR was taken 
of the acetone insoluble sample, the copolymer contained 
63 per cent styrene. 
In an attempt to make a successful run at low 
temperature using only one mole per cent aluminum chloride, 
Run 18 was made. Instead of the lack of polymerization 
found with one to one mole ratio tried in Runs 12 and 14 with 
one per cent catalyst a four to one styrene to B-pinene ratio 
gave 93 per cent yield. Solubilities showed the product 
to be 99 per cent insoluble in acetone and one hundred 
per cent insoluble in hexane. The insolubility of this 
batch in both solvents is consistent with the 72 percent 
styrene content of the acetone insoluble portion. 
Solvent fractionation alone is unable to give 
a clear picture of what was actually happening.in the 
polymerizations. The next step was to try to fractio~te 
the products by GPC. The first work was done on the 
Waters ALC/301 Gel Permeation Chromatograph. The set 
up consisted of four sixty angstrom, one 100 angstrom, 
and one 15,000 angstrom column- using toluene as the 
solvent. Two flow rates we+e used, one at a pumpstrok~ 
of 33 and the other at a pump stroke of four. Since 
the problem called for the separation of the possible 
homopolymers, synthetic mixtures were first tried. Samples 
consisting of ten to twenty milligrams of each homopolymer 
were used. The Waters instrument separates according to 
molecular weight and plots the difference in refractive 
index of the separated solutions. Unfortunately, the 
instrument was not able to separate mixtures of Run 17 and 19 
distinctly. The retention times for the two homopolymer were 
not sufficiently different to allow a distinct separation of 
the peaks. As a check, many samples were injected into the 
instrument at separate times to test their individual retention 
times. Run 17 which had a retention time of about ninety 
minutes. Run 1.9 showed retention time of 96 minutes. Due 
to molecular weight distribution the difference in retention 
time of seven to eight minutes is needed. 
The Waters unit also has a feature that can be used 
to recycle the sample through the columns as many times as 
desired without dumping the sample. This method was tried, 
but after a few cycles the peaks themselves became so broad 
that interpretation was impossible. 
Because of the poor results on the Water's instrument, 
the next step was to try a larger diameter column. For this 
purpose a Pharmacia column 2.5 centimeters in diameter and one 
hundred centimeters long was used. The column was packed with 
74 cm. of Sephadex LH-20 and chlorform was used as the solvent. 
Fractions of two milliliters each were collected on a Buchler 
Model 200 Fractomet. Pre-weighted test tubes were used to 
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collect samples and the solvent evaporated in air and the 
test tube weighed again to determine the amount of polymer 
collected. Mixtures of polymers of between forty and 200 
milligrams were used for the fractionations. 
In the first run (Figure 1) the flow rate was 
kept at about one-half a milliliter per minute. The 
sample consisted of approximately one hundred milligrams 
each of poly-B-pinene and polystyrene, Runs 19 and 17, 
respectively. 
Although 120 test tubes were used to collect 
the sample, no polymer appeared until after seventy 
samples had been taken. The results of the first run 
gave only a split peak, but that at least was evidence 
that the two homopolymers could be separated. 
GPC 3 (Figure 2) was made with another mixture 
of runs 17 and 19. This time smaller amounts of only 
about twenty milligrams each were used. The smaller 
amount of sample allowed a more distinct separation of 
the two homopolymers. Other runs were made with the 
pure homopolymers and the results were similar in all 
cases. 
After being convinced that polystyrene and 
poly-B-pinene mixtures could be separated, the products 
of our copolymerization reactions were studied. GPC 5 
contained about eighty milligrams of run 15. a four to 
one styrene to B-pinene run made at -78°C with five per 
11. 
cent aluminum chloride. The results showed a large peak with 
two shoulders; a distinct shoulder on the left and a slight 
one on the right (Figure J). The run was repeated later and 
very similar results were obtained (Figure 4). This time 
both shoulder peaks were distinct from the main peak. The 
solubility of this batch had shown earlier that the product 
was equally insoluble in both acetone and hexane with only 
two per cent soluble in each solvent. The three peaks must be 
three distinct copolomers. Because of monomer reactivity 
ratios the first copolymer formed is rich in B-pinene cor- 
responding to the peak on the right of the GPC. The middle 
peak is a copolymer with styrene predominant but still 
considerable B-pinene. The peak on the left of the highest 
molecular weight is a copolymer very rich in styrene but 
containing enough B-pinene to make it insoluble in acetone. 
All copolymers must contain some B-pinene to be insoluble 
in acetone yet they must contain considerable styrene to 
be insoluble in hexane. 
In GPC 11 (Figure 5), a sample of Run 13 was used. 
Run 13 was a one to one batch also at -78°c and using five 
per cent catalyst. The results show two peaks. The run 
was repeated in GPC 13 (Figure 6) and two peaks were again 
observed. Again the right hand peak must be due to a B-pinene 
rich copolymer formed early in the polymerization of lower 
molecular weight. The other peak would be due to a copolymer 
richer in styrene and formed later in the reaction. All 
copolymers must contain some B-pinene to be insoluble in 
12. 
acetone, but the styrene content must be quite low as the 
solubility in hexane is nearly complete. 
Supplementary to the copolymerization work, a study 
was made of the homopolymerization of styrene. The purpose 
was to determine the effect of catalyst and time on the 
conversion and molecular weight of the polystyrene. For this 
i set of reactions five per cent aluminum chloride was used as 
the catalyst. Catalyst was added in one-tenth portions every 
six minutes. A sample was also withdrawn every six minutes, 
just before a new catalyst portion was added. The experiment 
was conducted at 30°c and the equipment was similar to the 
previous 30°c reactions. Samples were removed by using a 
pipette with an aspirator for suction. The collected samples 
were added to a flask containing methanol and water, precipitated 
from one hundred fifty to two hundred milliliters of methanol, 
0 filtered, and dried in a vacuum oven at 50. The dried samples 
were then weighed to determine the per cent conversion. 
Molecular weights for selected samples were determined on the 
Vapor Phase Osmometer. 
In the first reaction using methylene chloride as 
solvent, Run 20, a total reaction volume of two hundred 
milliliters was used. A twenty milliliter volumetric pipette 
was used to collect samples e~tl"1"Y siY minutes for the reaction 
time of one hour. As stated earlier, the color of the reaot1on 
mixture forecasted the result of the reaction. At the end 
of the hour no color change was evident and the yields were low. 
13. 
Conversions were calculated as grams yielded divided by ten 
per cent of the total polymer expected for complete reaction 
in each sample. There is some error in this due to the fact 
that shrinkage of the polymer during reaction occurred. However, 
the results clearly show the trend for all reactions. 
Yields ranged from about one and one-half per cent 
in the first sample to about thirty-seven per cent in the 
ninth sample. The last sample could not be used because a 
full twenty milliliter sample could not be taken. A plot was 
made of the conversion versus time (Figure 7). The plot gives 
essentually two straight line segements. 
Run 21 was made using m-xylene as the solvent. A 
total reaction volume of four hundred milliliters was used with 
one per cent aluminum chloride added in twenty portions over 
two hours. Ten milliliter samples were collected every six 
minutes for the first two hours and every thirty minutes 
after that for a total reaction time of five hours. This time 
the reaction mixture turned a deep red color after only 
forty-two minutes. The samples were treated in the same manner 
as in Run 200 The yields ranged from trace amounts in the 
first sample to complete conversion. A plot of the conversion 
versus time was made and an S shaped curve was the result 
(Figure 8). This curve seems to indicate that the reaction has 
an initiation phase with low conversion (perhaps due to excess 
water present), a period of rapid reaction, and a reduced 
rate as conversion nears one hundred per cent. 
14. 
Run 22 (Figure 9) was made with a total volume of 
two hundred milliliters. This time methylene chloride was 
used as the solvent and aluminum chloride still as catalyst. 
The catalyst was added over a one hour period and ten milliliter 
samples were collected every six minutes after that for the 
total reaction time of five hours. Samples were treated the 
same as in Runs 20 and 21. 
As in Run 21, the color of the reaction mixture 
turned a deep red color before all the catalyst was even added. 
Yields of the samples ranged from trace amounts in the first 
sample to one hunired per cent by completion. Also as in 
Run 21 an S shaped curve was the result of the conversion 
versus time plot. 
Because of the difference in results between Run 20 
and 22, one additional run was made under identical conditions 
to Run 22. The results from this run mirrored the results of 
22. The only explanation for the results of Run 20 is that 
there was an excess of water present and there was not enough 
catalyst to permit high conversions. 
Although the molecular weights for them-xylene batch 
were all lower than the methylene chloride.batch, the trend was 
the same. The highest weight samples occurred early in the 
batch and decreased throughout the reaction time until the lowest 
value was reached at one hundred per cent conversion~ However, 
the molecular weight changed very little during the polymerization. 
The explanation is that early in reaction there is less catalyst 
15. 
and therefore fewer chains. As more catalyst is added more 
chains are formed and the average molecular weight declines. 
Summary 
Based on the results of the solubility of the products, 
NMR analysis, and work with Gel Permeation Chromatography it 
appears that copolymerization of B-pinene and styrene occurs 
rather than homopolymerization. The catalyst seems to govern 
primarily the extent of reaction and the molecular weight of 
the product. The ratio of two monomers play the role of 
determining the make-up of the product. Both the one to one 
and the four to one styrene to B-pinene ratio at -78°c resulted 
in a product that was a copolymer. When two monomers are 
reacted together it is unlikely that a mixture of pure homo- 
polymers could ever be the product unless their monomer reactivity 
ratios were very different. 
Suggestions for Work in the Future 
There .is still much work that can be done with the 
GPC results. NMR should be done to det~rmJme the components 
of each peak of GPC. Only then will a clear understanding of 
the work be possible. 
Further studies of monomer reactivity ratios and 
temperature changes should be carried out. The effect of water 
especially should be studied because a certain amount is 
necessary, while an excess is detrimental. 
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